In-vivo microscopic long term time-lapse studies require controlled imaging conditions to preserve sample viability. Therefore it is crucial to meet specific exposure conditions as these may limit the applicability of established techniques.
INTRODUCTION
Complex morphological events such as cell rearrangement, migration, and differentiation are very sensitive processes that upon any external factor can change the development of multicellular animals. This implies that the utilized imaging method should not alter the specimen natural evolution. At the same time these imaging systems should be able to minimize the sample preparation procedures, allow extended sample viability during the whole imaging process and provide enough spatial resolution to capture information in the sub-cellular level. Based on these requirements, different live imaging microscopy techniques have been used to study morphogenesis in different living organisms [1, 2] . Caenorahbditis elegans (C. elegans), is one of the numerous model organisms used to study morphogenesis as it shares some similarities with more complex animals, in several dynamic processes such as neurulation, gastrulation and ventral enclosure. This nematode has been widely studied by the use of different microscopy techniques. For instance, its transparent structure has enabled the use of differential interference contrast (DIC) microscopy as its internal structures create a phase gradient enabling a label free observation. However, this technique cannot produce depth resolved images and does not allow a selective observation. Addressing these limitations, different studies aiming to perform morphogenesis recordings [3] have alternatively used confocal laser scanning microscopy (CLSM). This tool enables a selective observation aided by the use of fluorescent markers. Therefore, it requires the use of well established protocols and trained personnel to perform the labeling procedures. CLSM eliminates the detected out of focus emitted fluorescence providing optical sectioning capabilities by means of a confocal pinhole placed at the detector. This means that the whole sample is exposed to the visible and UV wavelengths requiring a dynamic laser exposure adjustment during the whole imaging process to account for photo-bleaching, and photo-damage effects [3] . Moreover, as fluorescence is excited in a linear excitation fashion, CLSM is unable to penetrate deep into tissue.
In some extent, two photon excited fluorescence (TPEF) being a non linear imaging technique, where the excitation is confined to a localized focal volume is able to reduce photo-bleaching and photo-damage effects (compared to CLSM) while providing intrinsic optical sectioning capabilities. At the same time greater penetration depths are possible, as infrared (IR) wavelengths are employed given that they are less scattered by tissue. A successful implementation of TPEF has been used to follow dynamical processes in C. elegans such as cytokinesis, and gastrulation [4] . However as this technique relies on the use of fluorescent markers, it still requires sample preparation and labeling.
Alternatively, harmonic contrast generation imaging techniques such as Second-Harmonic Generation (SHG) and ThirdHarmonic Generation (THG) share the same advantages of TPEF but in addition work on label free fashion, as they are a result of hyper Rayleigh scattering. These have been successfully used to image live processes from various model organisms such as Drosophila melanogaster and Zebra fish (Danio rerio) [1, 2] . From these two, the applicability of SHG is greatly reduced to non centro-symmetric structures meaning that it can only be generated if well defined and highly arranged structures such as collagen, muscle and microtubules are present [5] . In contrast for generating a THG signal, the only imposition is the existence of interfaces, a change in the refractive index or in the χ 3 nonlinear coefficient [6] . This has enabled imaging a wide variety of wild type specimens containing structures such as lipid droplets, cell boundaries, tissues etc [7, 8] .
Different ultrashort pulsed lasers have been implemented into laboratory prototypes to work as nonlinear microscopes (NLM). However, its implementation is not straight forward as they are expensive, bulky, and maintenance-intensive. The implementation of compact, reliable and maintenance free fiber based femtosecond lasers has simplified its integration into the biological research, thanks to its similar performance (in terms of pulse duration, output powers and repetition rates) to conventional systems such as Ti:Sapphire [6] .
The successful implementation of a fiber laser and an optical parametric oscillator operating within the range of the 1500 nm, have enabled to image both fixed (neurons and epithelial cells) and unfixed samples (flowing erythrocytes and chloroplasts) [6, 9] .
Taking into consideration the requirements of live imaging, we demonstrate the use of THG for long term time-lapse three-dimensional studies (4D) in living C. elegans embryos. This technique is implemented in a practical way by employing a 1550 nm femtosecond fiber laser, being a major advantage that the THG emission is located within the visible range (516 nm), thus enabling the use standard collection optics and detectors operating near their maximum efficiency. Taking advantage of this fact, the incident light intensity at the sample can be considerably lowered enabling several hours of exposure.
To demonstrate the versatility of this particular wavelength we perform 4D imaging of wild type C. elegans embryos providing different tissue/structure information. By means of control samples, we demonstrate that the expected water absorption at this wavelength does not severely compromise sample viability. Certainly THG at 1550 nm gathers most of the desired requirements of a live imaging technique eliminating undesired effects such as photo-bleaching, the requirement to dynamically control the incident power to account for photo-damage and photo-bleaching, and the requirements of sample preparation (i.e. dye labeling) needed by established linear and nonlinear fluorescence techniques. All this, demonstrates the non-invasiveness, reduced specimen interference, and strong potential of this particular wavelength to be used to perform long-term 4D studies (such as cell lineage, epidermal morphogenesis etc).
MATERIALS AND METHODS

Experimental setup
The experimental setup was based on an inverted microscope (Nikon, Eclipse TE 2000U) modified to work as a laser scanning THG microscope. A compact fiber based pulsed laser system (Toptica Photonics, FemtoFiber FFS laser) operated at a central wavelength of 1550 nm, having a pulse duration of 100 fs and repetition rate of 107 MHz was employed to excite the sample. The laser delivered an output average power up to 350 mW. An RG1000 filter (Schott, transmittance: 830 -2000 nm) was placed at the laser output to block any spurious signal below 1000 nm from the laser itself.
The microscope is equipped with a pair of x-y galvanometric mirrors (GM) (Cambridge Technology, 6215H) driven by a home-made LabView interface (National Instruments) to synchronize both, the sample scanning and the signal acquisition. A silver coated mirror at 45° was used to direct the excitation beam towards the sample. An oil immersion microscope objective (Nikon, Plan Fluor, 40x, NA = 1.3) was used to tightly focus the excitation beam towards the sample. The THG signal was collected by a conventional oil immersion condenser, (Nikon, NA = 1.4), given that the central THG wavelength is located at 516nm. A photomultiplier tube (PMT) (Hamamatsu, H9305-04) placed on custommade forward mount was used to sense the signal through a band pass filter that separates the fundamental beam from the generated THG signal (Semrock, transmittance: 512 -521 nm).
Biological sample
Wild type (N2) C. elegans embryos were selected to perform the 4D trials because this model organism completes its life cycle in three and a half days at 20ºC [10] . Therefore, its fast development makes it ideal for these studies as hatching takes place in approximately 13 hours [3] . N2 C. elegans were grown in nematode growth media and fed with OP50 (Escherichia coli). Embryos, from different developmental stages were placed on a poly-L-lysine (Poly-L-lysine hydrobromide, Sigma Aldrich) coated thin cover slip (No. 0 thickness) with 10 µl of M9 buffer. The embryos where sandwiched between two thin glass coverslips separated by 50μm polystyrene micro spheres (Polymer microsphere suspension, Thermo Scientific) to avoid altering the embryos original shape [11] . Samples were sealed with melted paraffin for sample stability and were imaged at constant room temperature. Non-irradiated C. elegans eggs were used as a control sample to take into account other constraints, apart from laser exposure, that might prevent the embryos from developing. The survival rate of our control samples were 89.2%.
Two and Three dimensional time-lapse imaging
The maximum scanning speed of our galvanometric mirrors is ~300 lines/s, therefore a single X-Y plane composed of 500x500 pixels is acquired in less than 2 s. For the purpose of this study and in order to improve the signal to noise ratio, one X-Y plane is made of 10 averaged scans (the whole process takes less than 20 s).
The 3D acquisition was carried out by recording 24 X-Y optical sections (the average size of the eggs are 60x30x30 μm,) at a depth increment of 1.3 μm (this parameter was based on the theoretical PSF axial resolution calculation) [12] . Volume rendering and Image analysis were performed employing Image J software. This procedure was repeated for different time points to enable 4D reconstruction and further analysis.
RESULTS AND DISCUSSION
Our living C. elegans samples were imaged employing an average power of 4.9 mW corresponding to a peak power of ~0.46 KW (measured at the sample plane) being bellow the loss of cell viability threshold reported by [13] . These parameters were used as no reference for the stress induced to the embryo or of sample deterioration at this specific wavelength is known.
To demonstrate the versatility of this particular wavelength we imaged the wild type C. elegans embryos to analyze the different tissue/structure information provided at all developmental stages. This procedure was followed by the observation of specific processes occurring during the time-lapse recordings such tissue differentiation and elongation. Through the use of this technique we were able to image embryos at different developmental stages depicted in figure 2. On the top panel of this figure we can clearly identify the dividing cell embryos where cell rearrangement and migration takes place. In all cases, it is possible to identify structures such as cell membranes, lipid droplets (see figure 2 bright blue spots and figure 3bottom left panel orange arrow) and the cell nuclei [7, 8] . This last structure is observed as a dark region given that it has an homogeneous composition in contrast to the surrounding structures. This feature is quite remarkable as cell lineage studies are based on tracking this structure. The commonly used procedures to perform these studies are based on immunostaining methods or by carefully placing fluorescent microspheres at the cells surface to study the mechanisms of cell ingression during gastrulation [14] . THG being a label free technique could potentially reduce the sample interference simplifying these types of studies.
On the bottom panel of figure 2 the transition from the early bean-shaped embryo onto the long thin pretzel-shaped is depicted. During this period different morphological processes such as elongation and tissue differentiation in the embryonic epidermis take place. Given that cells have already differentiated into hypodermal tissue, it is possible to observe that the THG signal originates mainly from the outer layers of the embryo. Morphogenesis of the C. elegans is mainly controlled by the development of epidermis, which involves cell interactions with tissues. This process is dramatic in terms of speed, and the changes that occur in the embryos shape, taking place in a period of 5 hours [15] . Therefore, in what follows, we will demonstrate the morphological changes occurring in the later developed embryos paying special attention to dynamic processes such as ventral closure, and elongation. This process was followed by performing 2D recordings and finally by performing a 4D image sequence of developing embryos for a period up to six hours.
From image 3 it is clear that the emitted THG signal provides valuable information of the embryo at the different development stages. In the top row right panel (yellow arrow) the dorsal closure can clearly be observed and followed through the time lapse sequence. Fig. 3 . 2D time sequence of different C. elegans embryos at different development stages. The red arrow points out an elongating embryo, the yellow arrow depicts an embryo at dorsal closure and the orange arrow points out lipid depositions. The depicted times are every hour. The shadow below the image is due to the M9 buffer-glass interface [8] .
Once the dorsal closure has been successfully completed, the embryo suffers from a major morphological change known as elongation (see figure 2 top row middle panel red arrow). At his point the bean-shaped embryo actin filaments decrease and the cells correspondingly elongate along the anteroposterior axis.
After elongation has been completed, the motion of the C. elegans nematode is faster than the acquisition rate of our imaging system, as trans-epidermal-attachments transmit force causing muscular contraction to the cuticular exoskeleton therefore the embryo starts to move rapidly [16] . However, for detailed studies, the samples could be imaged at lower temperatures as it has been reported that at 15°C, the embryos development is 1.5 times slower than at 20°C [10] , however specialized microscope temperature controls must be implemented. Alternatively, an optimized scanning strategy could be implemented to enable faster scanning rates. To achieve this, several aspects should be taken into account such as pulse dispersion [17] , minimization of aberrations [18] and the use of objectives optimized for such long wavelengths for extracting more THG signal. Once these considerations are met other scanning configurations could be used to speed up the frame acquisition rate such as acousto-optical deflectors [19] or a polygonal mirror [20] .
To be able to spatially localize dynamic processes occurring in the C. elegans embryos a 4D sequence of developing embryos is shown in figure 4 (rotated for a perspective view, depicted times are 1 3 and 6 hours ). In this figure, the 3D time-lapse sequence enables us to follow the morphological evolution of five embryos ("a" and "b" earlier developed, "c" to "e" late developed) [8] . Fig. 4 . 3D reconstruction of THG images (rotated for a perspective view) from C. elegans embryos at different developmental stages. The images were taken every 30 minutes during 6 hours (shown times are: t =1, 3, and 6 hours, respectively). THG signal is depicted in blue. The shadow below the image is due to the M9 buffer-glass interface [8] .
In embryos "a" and "b", the THG signal had flashing behavior during the different recorded time points. These strong blinking signals could be caused by the cell deaths, migrations, fusions, or due to the loss of membrane integrity. Additionally, as previously shown in figure 3 , this 4D sequence also enables us to easily identify the elongation process occurring in embryos "c" to "e", as before in this stage, the embryo starts to move faster that our scanning speed rate.
In order to analyze the induced effects of the 1550 nm wavelength, laser exposed embryos were compared to control samples. To perform this study the samples were classified in two groups. These were the early developed embryos (before twofold stage) and the late developed stages (after twofold stage). The samples were subjected to several hours of continuous laser exposure and then left unexposed to allow them to hatch. In the first group, the embryos developed normally and processes such as cell rearrangement and migration were observed, after several hours, a slowdown in their development was observed having a viability rate of 41%. The possible causes for these effects are that during this stage, the embryo lacks differentiated tissue making the differentiating cells more vulnerable to this kind of radiation. The second group and contrary to the less developed embryos had a viability rate of 73% being very close to the viability rate of our control sample (89.2%). During the whole imaging process the embryos presented a normal development and a continuous movement. Even when these embryos were exposed up to six hours, they were able to hatch normally, having no morphological defects (confirmed by a post DIC microscopy observation). The development of structures like epidermis suggests that this tissue may act as a protection to IR light exposure.
It is known that IR wavelengths above 1500 nm are associated with increased water absorption in tissue and may lead to unwanted heating of biological specimens. However, given that the power employed in this study was kept bellow the loss of cell viability threshold reported by [13] we did not see any effect related to sample heating. In addition, other works have reported that the temperature increase at the focal point of a laser scanning microscope follows rapid heat diffusion dynamics preventing sample heating [21] . In our case and in agreement to other works [1, 6, 8, 18, and 22] the used laser is able to produce an efficient THG signal from the sample using very low average powers. All this helps reducing the expected damage. Please note that due to the employed wavelength the lateral and axial resolutions are reduced approximately by a factor of 2 when compared to that obtained with a Ti:sapphire laser (at 800nm and same objective lens, NA=1.3) [9] .
Our results have demonstrated that this wavelength in combination with THG is suitable to perform 4D imaging in living samples e.g. C. elegans and even in one of the most sensitive developmental stages of its life, such as morphogenesis. The application of this laser wavelength in-vivo and for long term imaging experiments has enormous potential because an intrinsic signal rising from the interfaces inside the embryo is obtained. This is also important because it enables us to record dynamic processes such as morphogenesis.
This technique can potentially be used to follow different dynamic processes occurring in different living organisms. For instance, cell lineage is a board area that still requires to be studied. Typically, these studies are carried out with DIC microscopy or CLSM [3, 23] . Consequently, when DIC microscopy is used, cell division tracking is based on the image smoothness differences (i.e. the texture of the cytoplasm and spindles) therefore complex algorithms must be used [24] . For the case of CLSM, a dynamic control of the incident power has to be carefully managed to account for sample photo-bleaching and photo-damage effects. Based on our results, the cell nuclei does not produce THG signal as it has an homogeneous composition in contrast the surrounding structures. As a consequence, the presented images show that this structure is extremely clear and delimited (see figure 2) indicating that the presented technique has the potential to be used as a tool for cell tracking in a label free fashion simplifying the whole imaging procedure.
For the more developed stages, epidermal morphogenesis is a process that could be potentially followed employing the here proposed technique. Thus the requirement of fluorescent markers could be totally over passed once the exact sources of the THG signal in all development stages of the C. elegans embryos are identified by performing colocalization studies. Then, the use of this technique, and this particular wavelength, could be used as a non-invasive technique to study this interesting research area. To perform this task a multimodal approach could be implemented by using a frequency-doubled version of the same fiber laser source.
CONCLUSIONS
We have performed long term time lapse recordings of morphological changes occurring on C. elegans embryos in a practical and non invasive way. This has been performed by employing a 1550 nm compact fiber laser to produce THG at the visible range (516 nm). This emitted wavelength brings the advantage that no specialized collection or UV grade optics are required. In addition, most of the detectors have their peak sensitivity range within this wavelength. These conditions enable the use of very low average powers (4.9 mW), allowing to image samples for several hours, thus giving the opportunity to image dynamical processes in vivo. Given that THG is a label free technique it provides different tissue/structure information through the whole development cycle of the C. elegans nematode without the requirement of labeling or immunostaining techniques. The reduced sample damage was demonstrated by means of control samples revealing that more developed embryos have a high survival rate even if they are imaged for more than six hours. Importantly potential applications such as cell lineage and epidermal morphogenesis can be targeted through the use of this technique at this particular wavelength. Certainly, this technique reduces the complexity of sample preparation and specimen interference, showing its strong potential to perform long-term 4D studies.
